Abstract⎯Samples of ML19 magnesium alloy with composition, wt %, (0.1-0.6)Zn-(0.4-1.0)Zr-(1.6-2.3)Nd-(1.4-2.2)Y have been investigated. The influence of Nd, Y, Zn, and Zr on equilibrium phase-transition temperatures and phase composition using Thermo-Calc software is established. The Scheil-Gulliver solidification model is also used. We show the significant liquidus temperature increase if the zirconium content in alloy is higher than (0.8-0.9) wt %. Thus, a higher melting temperature is required (more than 800°C). This is undesirable when melting in a steel crucible. The change in equilibrium fractions of phases at different temperatures in ML19 magnesium alloy with a minimum and maximum amount of alloying elements are calculated. Microstructures of alloys with different amounts of alloying elements in as-cast and heat-treated condition has been studied using scanning electron microscopy (SEM). We investigate the concentration profile of Nd, Y, Zn, and Zr in the dendritic cell of an as-cast alloy. The amount of neodymium and zinc on dendritic cell boundaries increased. A high concentration of yttrium is observed both in the center and on the boundaries of the dendritic cell. A high zirconium concentration is mainly observed in the center of the dendritic cells. A small amount of yttrium is also present in zirconium particles. These particles act as nucleation sites for the magnesium solid solution (Mg) during solidification. The effect of aging temperature (200 and 250°C) on the hardness of the samples after quenching was studied. Aging at 200°C provides a higher hardness. The change in the hardness of quenched samples during aging at 200°C is investigated. Maximum hardness is observed in samples aged for 16-20 h. The two-stage solution heat treatment for 2 h at 400°C and 8 h at 500°C with water quenching and aging at 200°C for 16 h is performed. This heat treatment enables us to get tensile strength 306 ± 8 MPa and yield strength 161 ± 1 MPa with elongation 8.7 ± 1.6%.
INTRODUCTION
Magnesium of the lightest of metals is used as the basis for construction materials; therefore, its alloys are most often used in fields where lightweight parts are important, such as aviation, instrument making, and the automobile industry [1, 2] . Special attention is paid to alloys based on the Mg-Zr-REM system (REMs are Nd, Y, Gd, Dy, etc.). They have a favorable combination of high mechanical properties at room temperature and a temperature elevated up to 250°C (up to 300°C for a short time) with a rather good corrosion resistance and manufacturability [3, 4] .
Alloys containing Nd and Y are most widespread in industry [5] . Neodymium is one of most efficient strengthening element for magnesium among REMs of the cerium group [3, 6] . These materials are wellstrengthened during heat treatment [7] . Strengthening occurs due to the high solubility of yttrium and neodymium in the magnesium solid solution at a temperature close to solidus, which strongly decreases when lowering the alloy temperature [3, [8] [9] [10] . Usually, industrial alloys with neodymium and yttrium (WE54 and WE43) contain approximately 5% Y, 2% Nd, and 2% of heavy rare-earth elements 1 . Some authors note that the yttrium addition into the ML10 alloy of the Mg-Zn-Zr-Nd system increases creep rupture strength at an elevated temperature due to the forma-tion of (MgZn)Y and Mg 24 Y 5 compounds, but somewhat decreases the strength at room temperature [11] . Therefore, the main direction of using such materials is the fabrication of castings operating at elevated temperatures. Due to the presence of zirconium in alloys of the Mg-Zr-REM system, their castings have a homogeneous fine-grain structure [12, 13] .
Most widespread alloys of magnesium with neodymium and yttrium, WE54 and WE43 (Table 1) , have a ultimate strength in T6 condition at a room temperature of 275 MPa, yield strength of 200 MPa, and elongation of 4% [14] . The T6 heat treatment includes high-temperature solution treatment for 8 h at 525°C with quenching in water and subsequent aging for 16 h at 250°C [15] . The strengthening mechanism of alloys of magnesium with yttrium and neodymium is associated with the formation of metastable phases shaped as platelets and spheroids from the magnesium solid solution (Mg) [16, 17] . Some authors affirm that, in order to attain the maximal strengthening at room temperature, the aging temperature should be decreased from 250 to 210°C, which will lead to the formation numerous precipitations of strengthening metastable phases [18, 19] .
The ML19 alloy (GOST (State Standard) 2856-79) contains a smaller amount of yttrium (Table 1) than WE54 and WE43, but a small amount of zinc, which is absent in other widespread alloys with yttrium, is present. The presence of zinc positively affects the strength of the ML19 alloy. It is established that the presence of Zn in alloys with REMs, when the Zn/REM weight ratio is of about 1.7, makes it possible to attain the precipitation of highly dispersed MgZn 2 and Mg 12 Nd particles, which increases the alloy strength [20] . However, even a small amount of Zn in Mg-Zr-REM alloys increases the creep resistance [11, 21] . In addition, the presence of zinc also somewhat increases the alloy strength [11] and hardness after aging [6] ; therefore, its use in the alloy composition makes it possible to decrease the content of high-cost yttrium.
Thus, the ML19 alloy is in many cases a low-cost alternative to materials of the WE43 and WE54 type and, in connection with this, is very interesting for industrial use. However, it is almost unknown outside Russia and has no standardized analogs; therefore, there is not a lot of data about it. The goal of this study is to describe the solidification of this alloy, its structure, and its properties in as cast and heat treated condition.
EXPERIMENTAL
We used pure materials as the charge, notably, magnesium (99.9% Mg) (SMZ, Solikamsk); zinc (99.98% Zn) and the Mg-15% Zr master alloy (SOMZ, Solikamsk); commercial ML10 magnesium alloy containing 2.36% Nd, 0.27% Zn, and 0.51% Zr (SOMZ); and master alloys Mg-20% Nd and Mg-20% Y (OOO PK Metagran, Moscow). The alloy weight for each melting was 300 g. Melting was performed under a flux based on carnallite (KCl · MgCl 2 ) in a high-frequency induction furnace in steel crucibles. Other charge components were introduced after melting the ML10 magnesium alloy in order to acquire the required chemical composition. The Mg-Zr master alloy was added last, after which the melt was held for 15 min at 760-780°C. The melt was poured into a metallic mold at t = 760°C in order to fabricate ingots 35 mm in diameter and 140 mm in height, from which the samples for hardness determination and metallographic sections were prepared.
The alloy microstructure and content of elements in phases were investigated using a Tescan Vega SBH3 scanning electron microscope (SEM) with an energydispersive microanalysis system (Oxford).
The chemical composition of prepared alloys was determined by energy dispersive X-ray spectroscopy (EDS) on an area of 1 × 1 mm and is presented in Table 2 .
The Brinell hardness was evaluated using a Nemesis 9001 universal hardness meter (Innovatest). The following testing parameters were used: a ball 2.5 mm in diameter, a load of 62.5 kgf (≈61.3 kN), and a holding time under a load of 30 s. The samples were investigated in as cast and heat treated conditions. To determine the mechanical properties of the alloy, another melting was performed according to the above-described technology. It was performed in a resistance furnace using a steel crucible with a large volume. The ingots for milling the samples according to GOST 1583-93 of 20 mm in diameter were poured into a steel mold. Mechanical properties were determined using cylindrical samples 5 mm in diameter (type III according to GOST 1497-84) milled from cast ingots after their heat treatment. Tensile tests were performed using an Instron 5569 universal testing machine.
Polythermal sections of phase diagrams, the phase composition, and the solidification of alloys according to the Scheil-Gulliver model were calculated using the Thermo-Calc 2016a program [22] and TTMG3 thermodynamic database (Magnesium Alloys Database, version 3) [23] . Equilibrium solidification starts upon attaining the equilibrium liquidus temperature by the alloy (t 7 00°C at a content of 0.6% Zr) from the solidification of primary crystals of almost pure zirconium (Fig. 1a) with an insignificant impurity of other AEs (Zr) from liquid. Then the crystals of the magnesium solid solution (Mg) start to appear upon lowering the temperature to 573-552°C (depending on the neodymium content) from liquid according to the peritectic reaction
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Equilibrium Solidification of the Alloy
Upon attaining t ~ 530°С, the peritectic reaction proceeds L + (Zr) → (Mg) + Mg 41 Nd 5 , which resulted in the formation of the Mg 41 Nd 5 intermetallic phase along with (Mg). During this process, zirconium-based crystals (Zr) dissolve completely in range t = 530-500°C. It is noteworthy that an increase in the Nd concentration in the alloy (Fig. 1a) extends the temperature range of the peritectic reaction. Alloy solidification is finished by the eutectic reaction
Herewith, the equilibrium solidus temperature somewhat decreases from 507 to 500°C with an increase in the neodymium concentration.
An increase in the yttrium concentration in the alloy in the limits of its grade composition (Table 1) exert no substantial effect on the alloy liquidus temperature (Fig. 1b) . The alloy enters the formation region of the Mg 2 Y compound immediately from liquid at t ~ 520°C at an average content of other AE and an increase of yttrium content to 2%. This phase is formed only in a solid state at a lower yttrium concentration.
The zirconium content very strongly affects the alloy liquidus temperature (Fig. 1c) . It exceeds 800°C at its maximally admissible amount in the ML19 alloy (1% Zr). Such a temperature is usually not applied when melting magnesium alloys because of the danger of their contamination with undesirable impurities and increased process metal losses. Therefore, the zirconium content in the alloy possible in technology is limited by 0.8%. The zirconium concentration does not affect the solidus temperature.
The presence of zinc in the ML19 alloy in the amount determined by the standard almost does not affect the liquidus temperature and very insignificantly lowers the alloy solidus temperature (Fig. 1d) . Herewith, zinc does not form new equilibrium phases.
The variation in the weight fraction of phases in the ML19 alloy calculated in the Thermo-Calc program depending on temperature is presented in Fig. 2 . It is seen that, because of the variable yttrium solubility in the (Mg) solid solution, the amount of the Mg 2 Y phase decreases with an increase in temperature. The weight fraction of other phase components varies insignificantly with the variation in temperature.
Nonequilibrium Alloy Solidification
Nonequilibrium solidification was considered using calculations according to the Scheil-Gulliver model in the Thermo-Calc program [24, 25] . Results of the calculation can disagree with the actual process because of the absence of diffusion in the solid phase according to this model, but they will give the notion of nonequilibrium phases and the nonequilibrium solidus temperature, which is important to determine the possible heat treatment temperature. Figure 3 shows the temperature dependence of the fraction of the solid phase for the equilibrium and nonequilibrium solidification of the ML19 alloy containing alloying elements Nd, Y, and Zn by the lower (Mg-0.6% Zr-0.1% Zn-1.5% Nd-1.4% Y) and upper (Mg-0.6% Zr-0.6% Zn-2.3% Nd-2.2% Y) limits determined according to GOST. The Zr content in both alloys is identical, being 0.6%, which is its average value according to the standard. Both equilibrium and nonequilibrium solidification in both alloys (Fig. 3) start from the solidification the primary crystals of zirconium (Zr). Then the magnesium solid solution (Mg) is solidified from the liquid. The Mg 41 Nd 5 intermetallic phase starts to solidify from the liquid along with (Mg) upon attaining temperatures of 531 and 523°C for alloys with low ( Fig. 3a) and high (Fig. 3b) contents of alloying components, respectively. Then crystals of the Mg 2 Y phase start to form from liquid at t ~500°C. This stage finishes the solidification for the alloy with small AE additions (Fig. 3a) . The solidification of the alloy with the AE content according to the lower limit is finished at t 4 00°C, and, for the alloy with AE according to the upper limit (Fig. 3b) , at 343°C, with the formation of a small amount of the Mg 2 Zn 3 nonequilibrium eutectic phase.
Thus, the solidus temperature for the completely nonequilibrium solidification is 120-150°C lower (at the minimal and maximal AE contents, respectively) than in equilibrium conditions. This fact should be taken into account when performing the heat treatment of alloys in as cast condition in order to avoid the melting of the nonequilibrium eutectic.
Alloy Microstructure
The microstructure of the samples of alloys Y1Nd2 and Y2Nd3 (Table 2) in as cast condition is presented in Fig. 4 . It is seen that it consists of dendrites of the magnesium solid solution (Mg) and bright phases, which are arranged along the boundaries and in the center of dendritic cells.
Zirconium (Zr) particles are met in the center and along the boundaries of dendritic cells; they are most often contain yttrium. In addition, zirconium-containing phases are usually contaminated with iron, silicon, manganese, and more rarely with other impurities.
The results of energy dispersive X-ray spectroscopy show that the bright phase arranged along the boundaries of dendritic cells in the Y1Nd2 alloy has an average composition, at %, of Mg-4.9% Nd-0.9% Zn-1.0% Y; in the Y2Nd3 alloy it is Mg-4.0% Nd-2.4% Zn-1.7% Y. This means that the bright phase along the boundaries of dendritic cells is a eutectic mixture consisting of several intermetallic compounds containing Mg, Nd, Y, and Zn. The presence of Mg 2 Y and Mg 2 Zn 3 compounds is possible in addition to the Mg 41 Nd 5 phase according to calculations of the nonequilibrium solidification in the Thermo-Calc program. Phases in alloys of the WE43 type are identified in references [26, 27] as Mg 24 Y 5 and Mg 14 Nd 2 Y, and their presence is also possible in the ML19 alloy.
The distribution of alloying components over the cross section of the dendritic cell (Mg) is presented in Fig. 5 . It is seen that there is an inclusion containing Zr and Y in the dendritic cell center; increased Y and Nd concentrations are observed on its boundary (the bright region to the left); and Zn is present, in addition to Nd and Y, in the eutectic phase to the right. 
°C
Selection of Heat Treatment Regime
Artificial aging after preliminary quenching at an elevated temperature (Table 3) is traditionally used as the heat treatment (HT) mode for alloys of the Mg-Zn-Zr-REM system. Preliminary quenching with or without subsequent aging is usually performed for the maximal dissolution of alloying components in magnesium solid solution (Mg) in order to attain its maximal strengthening due to the large number of precipitates of the strengthening phase formed during artificial aging. HT according to the T6 mode (Table 3) improves the mechanical properties of the cast alloy mainly due to the decomposition of the supersaturated solid solution of zinc, REM, and zirconium in magnesium formed after high-temperature holding of the casting with subsequent rapid cooling.
Starting from the considered peculiarities of the equilibrium and nonequilibrium solidification of the ML19 alloy, we investigated several HT regimes in order to evaluate their influence on the alloy properties and structure (Table 3) . We proposed an alternative alloy HT mode directed to the gradual dissolution of nonequilibrium phases, which includes two-stage alloy heating for quenching and aging (Table 3 , HT2 regime). Regimes HT1, HT3, and HT4 are recommended in references for HT of ML19 and WE43 alloys. The use of HT regimes recommended for WE43 is also possible for the ML19 alloy because their phase compositions and solidus temperatures are similar.
Microstructures of alloys after heat treatment according to HT1-HT4 regimes (Table 3) are shown in Fig. 6 . It is seen that the structures of all the samples Table 2 ) in the heat treated condition (Table 3) (Fig. 6b) . Incompletely dissolved regions of intermetallic compounds along grain boundaries are observed in it, which is a consequence of the lower (500°C against 525-535°C) temperature of the alloy HT for quenching. In addition, it is distinguishable that the grain boundaries in alloys aged at t = 200-205°C (Figs. 6a, 6b, 6d) are pronounced less clearly than in the sample aged at 250°C (Fig. 6c) .
Our experimental results show that the plot of varying the weight fraction of phases in alloys Mg-0.1% Zn-0.6% Zr-1.6% Nd-1.4% Y (curves 1-4 in Fig. 2) and Mg-0.6% Zn-0.6% Zr-2.3% Nd-2.2% Y (curves 1'-5' in Fig. 2 ), depending on temperature and the data on the temperature of phase transformations (Fig. 1) , are not quite correct. Melting of grains should be observed by the results of calculations at a HT temperature of 535°C for the ML19 alloy, which is not found experimentally.
Mechanical Properties of Alloys
The optimal aging time was determined for Y1Nd2 and Y2Nd3 samples from the ML19 alloy subjected to isothermal holding with subsequent quenching in water. Holding was performed at 400°C for 2 h (to dissolve nonequilibrium phases) and at 500°C for 8 h. Quenched alloys Y1Nd2 and Y2Nd3 were subjected to aging at 200°C with the measurement of their hardness for equal time intervals. The results of determining HB are presented in Fig. 7 . It is seen that alloys reach the maximal hardness with an aging duration of 16-20 h; precisely this aging time was used for alloy HT according to HT2 regime ( Table 3) .
The hardness of the samples heat treated according to HT1, HT2, and HT3 modes is presented in Fig. 8 . No testing was performed for the alloy after HT4 because this regime is similar to HT1 and, most likely, the samples will have similar HB after the HT. It is seen that the maximal hardness of the Y1Nd2 alloy can be observed when using the HT2 mode, while the minimal one can be observed after HT3. The hardness of the Y2Nd3 alloy with an increased content of alloying components is largest after HT according to the HT1 regime. We note that the hardness of the Y2Nd3 alloy after HT according to all modes is higher than that of the Y1Nd2 alloy. Low HB of the samples heat treated according to the HT3 mode evidences a not very high aging temperature. These data coincide with the results of other authors [18, 19] and are explained by the transformation of metastable phases precipitating during sample aging into stable ones.
Tensile tests of the samples of the Y2Nd2 alloy after HT according to various regimes (Fig. 9) showed that the maximal strength was attained when using the HT2 regime (Table 3 ). The application of the HT3 mode recommended for WE43 and WE54 alloys for the ML19 alloy leads to a decrease in the alloy strength and an increase in its elongation at room temperature. Heat treatment according to HT1 and HT4 regimes showed an approximately identical result with a somewhat larger elongation attained when using the HT1 mode. Thus, an increase in the alloy aging temperature to 250°C decreases its room-temperature strength but increases elongation, which confirms conclusions done for the WE43 alloy in [18, 19] . High strength and plasticity characteristics can be attained even when no complete dissolution of the intermetallic phase occurs due to a decrease in the solutionizing temperature to 500°C. CONCLUSIONS (i) An increase in the zirconium content in the ML19 alloy more than 0.8-0.9% requires an increase in the melting temperature above 800°C, which is undesirable from the process viewpoint when melting the alloy in a steel crucible and, consequently, is unreasonable in industrial conditions.
(ii) The nonequilibrium solidus temperature of the ML19 alloy is lower by approximately 120-150°C (at minimal and maximal contents of alloying elements, respectively) than under equilibrium conditions. This fact should be taken into account during the alloy HT in order to avoid the melting of nonequilibrium eutectic. It was established that alloy holding at 400°C for 2 h completely excludes the danger of nonequilibrium eutectic melting.
(iii) The best room-temperature mechanical properties of the ML19 alloy were attained when using the HT included the two-stage heating (400°C, 2 h + 500°C, 8 h) and quenching in water with subsequent aging at 200°C for 16 h. Herewith, a ultimate strength of 306 ± 8 MPa, elongation of 8.7 ± 1.6%, and yield strength of 161 ± 1 MPa were attained. However, the application of this mode can lead to the formation of residual intermetallic phases after the HT.
(iv) The use of an increased aging temperature (250°C) for the ML19 alloy leads to a decrease in alloy ultimate strength to 272 ± 1 MPa with an increase in the elongation to 13 ± 1%. 
